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Abstract 
The recently proposed local-access model, based on spectroscopic data, explains the various modes of light-driven proton 
transport reported for wild-type bacteriorhodopsin a d Asp-85 mutants, and reveals the nature of the causal interrelation- 
ships in the transport cycle of this retinal protein. In the metastable photoisomerized states, although not in the thermally 
stable isomers, the local access of the retinal Schiff base alternates rapidly between the extracellular and cytoplasmic 
directions. The direction of proton transfer, and therefore the 'protonation switch' of the pump, is decided by the proton 
acceptor and donor functions of Asp-85 and Asp-96, respectively. In the D85N/D96N mutant he acceptor and donor are 
absent, and the various observed transport modes are based on the same principles but a different combination of events. It 
is the result of the interplay between the differing proton conductivities between the Schiff base and the two membrane 
surfaces, and return to the obligate access to the extracellular side once the initial all-trans state is regained in the cycle. The 
causes and effects in this local-access model are explicit: the changes in the access of the Schiff base from one membrane 
surface to the other are direct consequences of the proton transfer eactions that precede them. © 1998 Elsevier Science 
B.V. 
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1. Introduction 
The light-driven proton pump bacteriorhodopsin is 
the simplest and best understood active transport 
system, and one would expect that if there are general 
principles that guide the function of ion pumps, 
studies of this protein will be the first to reveal them. 
*Fax: + 1 949 8248540. 
Abbreviations: EC and CP refer to the extracellular and 
cytoplasmic directions, respectively, relative to the centrally 
located retinal Schiff base; site-directed mutants are denoted with 
the residues in the wild type and mutant, separated by the residue 
number, e.g., D85N/D96N; J, K, L, M, N, and O are inter- 
mediates of the bacteriorhodopsin photocycle. 
Bacteriorhodopsin is a small (26-kDa) integral mem- 
brane protein in which seven transmembrane helices 
enclose a cavity containing an all-trans retinal ying 
at a small angle to the membrane plane, linked to 
Lys-216 near the middle of helix G by a protonated 
Schiff base [1-4]. The Schiff base separates what 
appear to be functionally two proton-conducting half- 
channels that lead to the EC and CP surfaces. Proton 
conduction depends on two critical aspartate r sidues: 
the anionic Asp-85 in the EC half-channel and the 
protonated Asp-96 in the CP half-channel, that serve 
as proton acceptor and donor to the Schiff base, 
respectively. More than two decades of intensive 
research has produced a considerable amount of 
information about the intermediate states of the 
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'photocycle' and the pathway of the transported 
proton through the two half-channels [5,6]. It is 
described in simple terms, as follows. The photocycle 
consists of the sequence of intermediate states termed 
J, K, L, M~, M 2, N, and O, whose kinetics and 
absorption properties in the visible and the infrared 
are largely understood. The transport cycle is initiated 
by photoisomerization of the retinal to 13-cis,15-anti, 
that causes transfer of the Schiff base proton to 
Asp-85 in the L to M 1 reaction [7,8]. Coupling of 
Asp-85 to the EC proton release system, comprising 
Arg-82, Glu-204 and Glu-194, results in the dissocia- 
tion of a proton and its appearance atthe EC surface 
[9-13]. The release of the proton, in turn, causes the 
pK a of Asp-85 to rise, blocking reprotonation of the 
Schiff base from the EC side [9,12], and M~ is thus 
shifted to M 2. A large-scale protein conformation 
change, that consists mainly of the tilt of the CP end 
of helix F away from the center of the protein [14], 
increases hydration of the CP region and by decreas- 
ing the pK a of Asp-96 makes it a proton donor. 
Reprotonation of the Schiff base in the M 2 to N 
reaction is followed by reisomerization f the retinal 
to all-trans (the N to O reaction [15]), recovery of the 
initial protein conformation, and reprotonation of 
Asp-96 from the CP surface. Proton transfer from the 
still protonated Asp-85 to the EC proton release 
system [16] completes the transport cycle. 
Understanding the transport mechanism requires 
not only this kind of a description of the pathway of 
the proton, but also that the causes and effects in the 
reaction sequence be clarified. The initial proton 
occupancies and the changes of the pK a values of 
Asp-85 and Asp-96 provide a plausible rationale for 
how the direction of the transport is established: the 
proton release that raises the pK, of Asp-85 [9,12], 
and the conformation change that lowers the pK a of 
Asp-96 [17] are both consequences of the initial 
deprotonation of the Schiff base. While this mecha- 
nism has good experimental support, it does not 
account in any obvious way for the observation of 
various other transport modes in Asp-85 mutants. 
Remarkably, when D85N and D85N/D96N with 
initially unprotonated Schiff base are photoexcited, 
the photocycle that ensues results in the transient 
protonation of the Schiff base and CP to EC transport 
[18-20]. Even more unexpected, these mutants ex- 
hibit also two-photon reactions that produce reverse, 
EC to CP, transport of protons [18]. Clearly, any 
viable model for the transport mechanism has to 
explain these observations as well, and in the same 
terms as for the wild type. 
2. The IST model 
The first attempt to explain the properties of Asp- 
85 mutants postulated that the access of the Schiff 
base is in the EC direction when the retinal is 
all-trans, but in the CP direction when photoisomer- 
ized to 13-cis, 15-anti [21 ]. Thus, the photoisomeriza- 
tion in these mutants reorients the Schiff base from 
the initial EC to the CP direction, and the protonation 
of the Schiff base is therefore from the CP side. 
Thermal reisomerization, possible once the Schiff 
base becomes protonated [22,23], recovers the all- 
trans isomeric state and the EC access, and its 
deprotonation is therefore in the EC direction. The 
cycle thus results in CP to EC proton translocafion. 
The photoreaction of these mutants with initally 
protonated Schiff base also causes reorientation i  the 
CP direction, but in this case the Schiff base becomes 
transiently deprotonated. Transport is observed only 
when the chromophore, with now unprotonated 
Schiff base, absorbs a second photon [18] causing its 
photo-reisomerization t  all-trans. The resulting re- 
covery of the EC access allows reprotonation of the 
Schiff base from this side, and thus the net transloca- 
tion is in the reverse direction from wild type. This 
model accounted well for these transport modes, but 
was incompatible with the way protons are trans- 
ported in the wild type. Access in the latter could not 
be dependent on the isomeric state since the change 
of access from EC to CP occurs while the retinal is 
13-cis,15-anti configuration throughout [24,25]. 
The second attempt o explain these results, but 
now in a way compatible with the wild type, was the 
IST model [19,20]. The nature of the access change, 
the switch ('S') was no longer specified, except for 
its postulated independence of the photoisomerization 
('I*'), the thermal isomerization (T) ,  or the proton 
transfer ('T'). The essential new idea is a 'kinetic 
competition' between S and T. In the photocycle of 
the wild type, T occurs before S, and the initial EC 
access is maintained long enough to allow proton 
transfer in the EC direction before occurrence of S. In 
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contrast, in the photocycles of the Asp-85 mutants 
with unprotonated Schiff base the S step occurs 
before T, allowing protonation from the CP direction 
first. This model explained not only the transport 
modes of bacteriorhodopsin, but was invoked to 
account also for proton transport by sensory rhodop- 
sins and chloride transport by halorhodopsin [20]. 
In any reaction sequence the driving force for each 
step may reside either in the reaction that immedi- 
ately precedes it, or in the first reaction in the chain. 
The IST model decides this question in favor of the 
latter alternative, and proposes that a sequential 
model [26] could not account for the observed 
transport activities. Although not stated in these terms 
[19,20], the IST model implies, therefore, that the 
configurational change of the retinal upon photoiso- 
merization is the direct cause of not only the proton 
transfer from the Schiff base to Asp-85 (the T step), 
but also the change of the connectivity of the Schiff 
base to Asp-96 (the S step) that follows it. Inasmuch 
as the two processes both originate from the isomeri- 
zation, they can occur independently of one another. 
The reasons for their differing rates under different 
conditions are regarded as mechanistic details that 
need not be specified by the model. 
3. The local-access model: transport in the wild 
type 
Unlike the IST model, the 'local-access' model 
regards the problem of access in mechanistic terms. 
The photocycle kinetics for Asp-96 and other mutants 
suggests [27-31] that at pH below the pK a for proton 
release to the EC side the reaction sequence ~ is 
L~--~M14--~M2+--)N---)BR. Since L<---)M 1 and M2<--+N 
refer to protonation equilibria between the Schiff base 
and Asp-85, and the Schiff base and Asp-96 (CP 
surface in Asp-96 mutants), respectively, this implies 
that when proton is not released to the EC surface the 
access of the Schiff base to the EC side is never lost. 
Rather, local access flickers in the two directions with 
the time-constant of the M14--~M 2 equilibration re- 
action, about 30 Ixs [27]. Thus, the local geometry 
allows, in principle, proton exchange in either direc- 
1For the sake of simplicity, the J, K, and O intermediates are 
omitted in this discussion. 
tion throughout the photocycle. If this is so, the 
direction of the proton transfer to and from the two 
surfaces depends entirely on the proton conductivities 
in the two half-channels: it is determined by the 
initial proton occupancies of Asp-85 (anionic) and 
Asp-96 (protonated) and the later changes of their 
pK, values. 
Although the local geometry of the Schiff base 
permits access to Asp-85, at physiological pH (->7) 
the pK a of Asp-85 will rise as the result of the proton 
release [9,12], and continued proton exchange with 
the EC side is then no longer possible. Kinetically, 
the back-reactions that yield L are now blocked. The 
forward reaction that produces N is, in turn, enhanced 
as the pK a of Asp-96 is lowered by increased 
hydration of the CP region [32-34] upon the outward 
tilt of the CP end of helix F. The latter is the direct 
consequence of the loss of the Schiff base/Asp-85 
ion-pair in the M states [17,35]. Thus, in the local- 
access model, unlike the IST model, the changes of 
proton affinities that constitute parts of the switch are 
direct consequences of the deprotonation of the 
Schiff base. 
The existence of the M~e--~M 2 equilibrium, sug- 
gested by the kinetics [27-30], is confirmed by two 
other kinds of evidence. The first is the observation 
that an externally imposed electric field can drive the 
photocycle backwards [36]. A field poised in the 
same direction as that created by the transport 
converts M 2 to M 1, consistent with the predictions 
that there is an equilibrium between M t and M 2, and 
that it is associated with an electrogenic event, i.e., 
the proton release. Second, continuous illumination of 
an Asp-96 mutant produces a photostationary state 
which, at pH 5, but not at 8, contains the L, M (M 1 
plus M2), and N states [31]. Flash photoexcitation f 
M reconverts it rapidly to the initial state, and then at 
the lower, but not the higher, pH the M state partially 
reforms at the expense of the L intermediate. Infrared 
difference spectra show that in this process Asp-85 
becomes protonated. This is as expected from the 
proposed Le-->M~<--->M 2 equilibrium that depends on 
the absence of proton release. More importantly, the 
results demonstrate the coexistence of the authentic L 
state, in which the protonation equilibrium of the 
Schiff base is with Asp-85, together with the N state, 
in which the protonation equilibrium is with the CP 
surface. Thus, the evidence supports the essential 
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feature of the local-access model: when influences 
from secondary events, like proton release, do not 
interfere, local access is maintained in both EC and 
CP directions throughout the photocycle. 
4. The local-access model: transport in Asp-85 
mutants 
In the D85N/D96N mutant neither Asp-85 nor 
Asp-96 is present, and the above mechanism obvious- 
ly cannot function. Importantly, however, the local- 
access model accounts also for the various transport 
modes observed [18-20] in this and other Asp-85 
mutants. In the photocycle of the Asp-85 mutant; the 
initially unprotonated Schiff base becomes transiently 
protonated [35,37,38], and the proton is taken up and 
released from the bulk concurrently with the protona- 
tion and deprotonation [38]. This process could be 
simulated in D85N/D96N by shift from high to low 
pH in the dark, which produced equivalent kinetics 
[39]. Whether in these thermal and photoreactions the 
proton passed through the EC or the CP half-channel 
was decided on the basis of the effects of azide. At 
millimolar concentrations, proton conduction through 
the CP side in D96N mutants is greatly accelerated 
by the azide, but nearly unaffected when through the 
EC side [35]. Additional information about the 
direction of proton access was from the rate of Schiff 
base protonation i vesicle membranes after pH jump 
in the presence and absence of uncoupler. 
The results [39] indicated that, unlike in the 
photoisomerized states where the local access of the 
Schiff base flickers, in the thermally stable all-trans 
and 13-cis,15-syn states the access is fixed. This was 
suggested by the observation that the proton ex- 
change between the retinal Schiff base and the bulk 
solution contains a rapid kinetic component, hrough 
the CP half-channel, and a slow one, through the EC 
half-channel. Vibrational spectra revealed that D85N/ 
D96N contains a thermal equilibrium mixture of the 
all-trans and 13-cis,15-syn retinal configurations (the 
'dark adapted' state [40]), and the fast deprotonation 
component is associated with 13-cis,15-syn while the 
slow one is associated with all-trans. This was found 
in both the photocycles of the two isomers and in the 
pH jump experiments. From these results the events 
in the photocycle of D85N/D96N with unprotonated 
Schiff base were reconstructed. Before illumination, 
access of the Schiff base is exclusively to the EC side 
when the retinal is all-trans, but to the CP side when 
it is 13-cis, 15-syn. Photoisomerization of either initial 
isomeric state causes protonation of the Schiff base, 
and in both cases from the CP side. Thermal re- 
isomerization to the initial configurations i  now 
rapid because the barrier to bond rotations in the 
polyene chain is lowered [22,23]. Upon recovery of 
the initial all-trans and 13-cis,15-syn retinal configu- 
rations in the two photocycles, the deprotonation f
the Schiff base proceeds in the EC and CP directions, 
respectively. 
The central argument [39] is that local access, 
controlled by the isomeric state of the retinal, is to be 
distinguished from the proton conductivities to the 
two membrane surfaces, controlled by protein res- 
idues. Although the local access of the Schiff base in 
the photoisomerized states of D85N/D96N is in both 
EC and CP directions as in the wild type, proton 
conduction to the EC surface is slower because it is 
not facilitated by Asp-85. Protonation i  the photocy- 
cle is therefore from the better conducting CP side. 
Once the initial isomeric state is regained in the 
all-trans photocycle, proton access through the EC 
half-channel, however slow, is regained and therefore 
net CP to EC translocation can occur. (It follows that 
the photocycle of the 13-cis,15-syn form does not 
transport, as in the wild type). Thus, although the 
proton conductivities of the two half-channels cannot 
change in the D85N/D96N photocycle, transport is 
possible because a switch function is provided by the 
thermal reisomerization of the retinal. This mecha- 
nism [31,39] accounts well also for the reverse 
transport direction in the two-photon reaction of Asp- 
85 mutants and transport by halorhodopsin or related 
systems. 
5. Conclusions 
Comparison of the various ways wild-type bac- 
teriorhodopsin and its Asp-85 mutants transport 
protons indicates that transport can be accomplished 
by different mechanisms. This is because the vec- 
toriality of proton transport depends on several 
different events in the photocycle, and under various 
conditions one or another of these dominates. Ac- 
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cording to the local-access model [31,39], photoiso- 
merization creates a changed local geometry at the 
active site in which the access of the Schiff base 
becomes available to both directions, and this dual 
local access is maintained as long as the retinal is 
photoisomerized. In the photocycle of the wild type 
the proton conductivity is higher first to the EC 
surface because Asp-85 is available as proton accep- 
tor, and then becomes higher in the CP direction 
because Asp-96 becomes a proton donor. In the 
photocycle of Asp-85 mutants with unprotonated 
Schiff base the access after photoisomerization is first 
to the CP side because proton conduction to the EC 
side is slower in the absence of an acceptor. Once the 
Schiff base becomes protonated from the CP side, 
reisomerization to all-trans becomes possible and this 
shifts the local access obligately to the EC side, Since 
the switch function is provided by different molecular 
events in these transport modes, and dependent on the 
proton transfers that precede it, the local-access 
model excludes kinetic competition between the 
switch and the transfer, such as postulated by the IST 
model. Instead, the proton transfer and the switch are 
interdependent and occur in obligate sequences that 
depend on the conditions but determined by a single 
set of rules. 
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